Introduction {#s1}
============

Reproductive process is critical for flowering plants. After physically attaching to the stigma epidermal, pollen grains successively adhere, hydrate, and germinate. Then pollen tubes penetrating along the style are guided to the ovary to release the sperms ([@B49]). Those steps require the matured male and female organs to communicate and recognize each other, and any molecule inhibiting male--female recognition leads to incompatibility. During pollination, pollen--stigma recognition usually depends on specific protein--protein interactions, which is classified into several types of compatibilities ([@B28]; [@B12]). For example, when expressing the *SRK* (*S-*locus receptor kinase) and *SCR* (*S-*locus cysteine rich protein) genes in the stigma and pollen respectively, SCR--SRK protein interaction leads to unsuccessful germination of stigma-attached pollens ([@B38]; [@B39]; [@B34]). In the GSI (Gametophytic Self-incompatibility) type, while S-RNase in the stigma recognizes and interacts with SFB (*S*-locus F-Box) from the germinated pollen, it results in defective of pollen tube elongation ([@B31]; [@B20]). In pollination stages, specific protein interactions determine the compatibility or incompatibility of pollens with stigma and other pistil parts.

When a pollen tube is guided to the ovule, several recognition combinations of ligand-receptors like LURE1-MIK/MDIS1, RALF34-BUPS-ANX have been characterized ([@B44]; [@B17]). In *Mildew Locus* *O* (*MLO*) gene family, recent studies have also identified a fertilization related gene *MLO7* (also named *NOTIA*) localized in synergid cells. In *mlo7* mutant, the pollen tube cannot be correctly guided to the embryo sac, which further fails to burst the tip and release sperm cells to continue the double fertilization ([@B25]; [@B23]). Based on phylogenetic analysis, *MLO10*, expressed in flower organs, is considered to be a *MLO7*-related gene. However, it remains unclear whether MLO10 is involved in fertilization ([@B46]; [@B24]). Therefore, we aim to investigate MLO10 as well as its interaction partners that may mediate recognition between the pollen tube and stigma or embryo sac through direct protein--protein interaction.

Based on bioinformatic analysis, it has been found that one of the domains called CaMBD (Calmodulin binding domain) is significantly enriched in the C-terminal of 15 MLO proteins ([@B28]; [@B15]; [@B3]). These indicate that MLOs may interact with calmodulins to regulate the reproduction process. Accumulated pieces evidence proves that calcium plays a critical role in plant fertilization ([@B21]; [@B36]; [@B18]; [@B45]; [@B48]). Calmodulins (CaMs) or Calmodulins like (CMLs) proteins have been identified to regulate plant development and stress mediated reactions ([@B10]; [@B50]). Several CaMs and CMLs have been found to be involved in pollen germination and tube elongation. For example, CaM2 forms a complex with CNGC8/18 to control pollen tube elongation through modulating calcium oscillations at the tips ([@B35]). Meanwhile, mutation of *CaM2* significantly inhibits pollen germination ([@B29]; [@B30]). CML25 was also reported to affect pollen tube development and seed setting ([@B43]).

In conclusion, although some components of MLOs or CaM/CMLs have been reported to be involved in plant reproduction, the direct link between these two-family proteins is missing. In our study, we have identified the new protein interacting complex MLO10--CML9 which is involved in pollen germination, pollen tube elongation as well as seed setting. We also investigate and speculate how the direct interaction between stigma-expressed MLO10 and pollen-expressed CML9 regulates reproductive physiology.

Materials and Methods {#s2}
=====================

Plant Materials and Growth Conditions {#s2_1}
-------------------------------------

Experiments with *Arabidopsis thaliana* were performed on ecotype Columbia-0. The knock-out mutant lines *cml9-1* (SALK_126787C) and *cml9-2* (SALK_006380C), were obtained from the ABRC (<https://www.arabidopsis.org/abrc/>) as described ([@B19]). Seeds were stratified for 2 d at 4°C in darkness and then grown under a 16-h-light/8-h-dark cycle at a photon fluence rate of approximately 120 μmol·m^−2^·s^−1^ during the day. Plants were kept at 22°C with approximately 60% humidity. The plates containing 0.5 strength Murashige and Skoog media and 1% (w/v) sucrose solidified with 0.6% (w/v) Agar. After 7 days, the seedlings were transplanted into the soil under the same light cycle, temperature, and humidity.

CRISPR-Cas9 Mediated Gene Editing Events of *MLO10* in *Arabidopsis* {#s2_2}
--------------------------------------------------------------------

The method for *MLO10* editing was performed as [@B16] described. *PHEN401* is used as *MLO10* gene-editing vector. The CRISPR/Cas9 constructs were transformed into *Arabidopsis* wild-type Columbia-0 through floral dipping. T1 plants were selected on 25 µg·L^−1^ hygromycin B. Genomic DNA samples extracted from leaf tissues of 2-week-old T1 plants were used as templates for PCR. The PCR product amplified with targeting site-specific primers was digested using restriction enzyme XhoI. Putative mutations should produce XhoI-resistant band. Then results were verified by sequencing the PCR products. Cas9-free T3 seeds were isolated. Our experiments were performed on the Cas9-free lines *mlo10-1* and *mlo10-2* ([**Supplementary Figure 3A**](#SM1){ref-type="supplementary-material"}). The primers used in these cloning procedures are listed in [**Table 1**](#T1){ref-type="table"}.

###### 

Primer sequences used in the experiment.

  Primer               Sequence
  -------------------- ---------------------------------
  AtMLO10::3242-F      CGGGATCCTTAGTCAATATCATTAGCAGGA
  AtMLO10::3242-R      GGAATTCTATGGCCACAAGATGCTTTTGG
  AtCML9::3228-F       GGGGTACCATGGCGGATGCTTTCACAGAT
  AtCML9::3228-R       CGGGATCCCTAATAAGAGGCAGCAATCATC
  AtMLO10::pBI101-F    GCGTCGACGCTGATTGCTATGCCAAGTCCAC
  AtMLO10::pBI101-R    CGGGATCCGGTAGCCAAAAGAAATC
  AtCML9::PBI101-F     CGGGATCCAACAAAATTGGAGCGTTTGAG
  AtCML9::PBI101-R     CCCCCCGGGATCTTCGATCACAAAGAAAAG
  AtMLO10::1302-F      GAAGATCTGATGGCCACAAGATGCTTTTGG
  AtMLO10::1302-R      GAAGATCTACGTCAATATCATTAGCAGGA
  AtCML9::1302-F       GAAGATCTGATGGCGGATGCTTTCACAGAT
  AtCML9::1302-R       GACTAGTATAAGAGGCAGCAATCATCAT
  AtMLO10-P1-F         CGGAATTCCAGATGGGTTCAAACATGAAG
  AtMLO10-P1-R         CGGGATCCTTAGTCAATATCATTAGCAGG
  AtMLO10-P2-F         CGGAATTCCAGATGGGTTCAAACATGAAG
  AtMLO10-P2-R         CGGGATCCGAAAGAGCGAAACGGAAAGAA
  AtMLO10-P3-F         CGGAATTCGCAAAAGCGTTGAAGAAATGG
  AtMLO10-P3-R         CGGGATCCTTAGTCAATATCATTAGCAGG
  AtMLO10-P4-F         CGGAATTCGCAAAAGCGTTGAAGAAATGG
  AtMLO10-P4-R         CGGGATCCGAAAGAGCGAAACGGAAAGAA
  AtMLO10-P5-F         CGGAATTCAGGGTTGGTGATCAGAACACA
  AtMLO10-P5-R         CGGGATCCTTAGTCAATATCATTAGCAGG
  Salk_006380C-F       TTGTAGGAATCAGCATCGGAT
  Salk_006380C-R       ACTGATTTTTGGTTCTTCAGA
  Salk_126787C-F       TGAGCGATGTTGACATCTTTG
  Salk_126787C-R       ACAATACTTTTGGTTTGGTT
  AtMLO10-F            ATGGCCACAAGATGCTTTTGGT
  AtMLO10-R            TTAGTCAATATCATTAGCAGGA
  AtCML9-F             ATGGCGGATGCTTTCACAGAT
  AtCML9-R             CTAATAAGAGGCAGCAATCAT
  Actin2-F             CACTGTGCCAATCTACGAGGGT
  Actin2-R             ACAAACGAGGGCTGGAACAAG
  AtMLO10::pHEN401-F   ATTGTGTCTCCGTCCTCCTCGAGA
  AtMLO10::pHEN401-R   AAACTCTCGAGGAGGACGGAGACA
  Crispr-AtMLO10-F     AAACGGACTTTCAGTCAACAC
  Crispr-AtMLO10-R     TTGAAAACTCGTAATCATGAG

Yeast Two-Hybrid Assays {#s2_3}
-----------------------

Coding regions of *MLO10-CT*-(P1-P5) and *CaM2*, *CaM4*, *CaM6*, *CaM7*, *CML8*, *CML9*, *CML10* sequences were cloned into the *pCBKT7* vector and *pGADT7* vector respectively. Primers are listed in [**Table 1**](#T1){ref-type="table"}. Then the plasmids (*MLO10-CT::BD* and *CaMs/CMLs::AD*, *MLO10-CT::BD* fragments P1--P5 and *CML9::AD*, respectively) were co-transformed into the yeast AH109 strain, using the method of PEG/LiAc. Transformants were selected on the SD medium lacking Leu and Trp. After 3 days of growth, the haploid cells were transferred to a selected medium containing 1.5 mM 3-AT but lacking Leu, Trp, His. The X-Gal filter assay was done as described earlier and modified ([@B32]). The primers used in these cloning procedures are listed in [**Table 1**](#T1){ref-type="table"}.

Subcellular Localization and BiFC Assay {#s2_4}
---------------------------------------

We used *Arabidopsis* mesophyll protoplasts for the GFP and BiFC transient expression assay. To generate the *35S*::*MLO10*-*GFP*, *35S*::*CML9*-*GFP* (Green Fluorescent Protein) plasmid, CDS sequences (without stop codon) were inserted into the *pCAMBIA1302* vector. For BiFC vectors, sequences of *MLO10* and *CML9* were inserted into *pSAT1-nVenus-C* (*pE3242*) and *pSAT1-cCFP-C* (*pE3228*) respectively. Primers are listed in [**Table 1**](#T1){ref-type="table"}. Plasmids were transferred into *Arabidopsis thaliana* mesophyll protoplasts as described ([@B47]). After 16 h of incubation at 23°C in the dark, the GFP or CFP, YFP signals were detected using a confocal laser scanning microscopy (LSM 780; Carl Zeiss).

Construction of Transgenic Lines and Analyses of GUS Activity {#s2_5}
-------------------------------------------------------------

About 5-week-old Col wild type plants with several mature flowers were transformed with the *MLO10pro::GUS* and C*ML9pro::GUS* constructs in *PBI101* respectively, *via* the *Agrobacterium tumefaciens* strain GV3101 by using the floral dip method ([@B4]). The primers used in these cloning procedures are listed in [**Table 1**](#T1){ref-type="table"}. T1 transgenic plant seedlings were selected on 1/2 MS plates containing 50 μg/L kanamycin. Examination of GUS activity in transgenic seedlings was performed as described ([@B37]). Samples were fixed for 20 min in ice-cold 90% (vol/vol) acetone, were washed three times (5 min per wash) with ice-cold phosphate buffer \[100 mM sodium phosphate (pH 7), 10 μM EDTA, 0.1% Triton X-100, 2 mM K~4~Fe(CN)~6.~3H~2~O, 2 mM K~3~Fe(CN)~6~\], and were stained in X-gluc (5-bromo-4-chloro-3-indolyl-*β*-D-glucuronic acid) solution (2 mM X-gluc in the same phosphate buffer) at 37°C in darkness, check the GUS activity every 1 h. After the assay these tissues were washed in 70% ethanol, 80% ethanol, 90% ethanol, and finally in 100% ethanol. The plant tissues after GUS staining were photographed with microscope (Discovery.V20, ZEISS).

Aniline Blue Staining Assay {#s2_6}
---------------------------

Aniline blue staining of pollen tubes in pistils was performed as described ([@B22]) and modified. The pre-emasculated mature wild-type and *mlo10-1* stigma were pollinated either with wild-type or *cml9-1* pollen respectively. The pollinated pistils were collected 4 hap (hour after pollination) and briefly fixed in a fixing solution of ethanol:acetic acid (3:1) for 2 h at room temperature. The fixed pistils were washed three times with distilled water and treated in softening solution of 8 M NaOH overnight. Then, the pistil tissues were washed in distilled water and stained in aniline blue solution (0.1% aniline blue in 0.1 M K~4~Fe(CN)~6~•3H~2~O buffer, pH 11) for 3 to 5 h in the dark. The stained pistils were observed and photographed with a Leica DMRA fluorescence microscope. The images were digitized, and the pollen tube lengths were measured using ImageJ 1.52a software.

Analysis of Pollen Germination and Pollen Tubes Length {#s2_7}
------------------------------------------------------

*In vitro* germination assays were modified as described ([@B14]; [@B33]). Pollens were collected by tapping the open anthers on solid agar and then incubated in the dark at 28°C. The solid pollen germination medium consisted of 10 μg ·ml^−1^ inositol, 1.5 mM H~3~BO~3~, 5 mM MES, 10 mM CaCl~2~, 1 mM KCl, 0.8 mM MgSO~4~, 1% agar, and 20% sucrose, pH 5.8. For analysis of pollen germination and pollen tube growth *in vitro*, samples were incubated for 6 h. Pollen tubes were photographed with microscope (Discovery.V20, ZEISS). The images were digitized, and the pollen tube lengths were measured using ImageJ 1.52a software.

Results {#s3}
=======

Physical Interaction Between CML9 and MLO10 {#s3_1}
-------------------------------------------

MLO family proteins contain one CaM-binding domain (CaMBD) in most higher plants. It has been reported that HvMLO1 can bind to CaMs *via* CaMBDs at the C-terminal (CT) cytosolic regions. We focused on the possible interacting partners especially the calcium sensor proteins to MLO10 in *Arabidopsis* *thaliana*. However, CaM binding has not been studied well with MLO10, and the specific binding sites between CaMs and MLO10 remain unknown. First, based on the bioinformatic prediction by TMHMM 2.0, MLO10-CT is supposed to localize at the cytoplasm. Thus, taking MLO10-CT as bait, we conducted a yeast two hybrid (Y2H) screen with *Arabidopsis* CaMs and CMLs. Interestingly, we identified the interaction event between MLO10 and CML9. When co-expressing MLO10-CT-BD and CML9-AD, the yeast colony became blue by adding X-gal into the selection media ([**Figure 1A**](#f1){ref-type="fig"}), which indeed confirms the direction interaction of MLO10-CML9. However, no obvious colony was observed when combining MLO10 and CML9 isoforms like CaM2, CaM4, CaM6, CaM7 and CML8, CML10 ([**Figure 1A**](#f1){ref-type="fig"}, [**Supplementary Figure 1**](#SM1){ref-type="supplementary-material"}), which suggests the MLO10--CML9 interaction could be specific. Next, we wanted to map the specific interaction domain of MLO10. When aligning amino acids of several MLOs, generally the divergent domain ranges from 430 to 590 aa (MLO C-terminal), and the putative CaMBD, which was marked with arrows ([**Supplementary Figures 2A, C**](#SM1){ref-type="supplementary-material"}), may be involved in determining the specificity of protein interactions. Therefore, we divided MLO10-CT which has 136 aa (434--569 aa) into five truncation fragments P1--5 ([**Figure 1B**](#f1){ref-type="fig"}). Surprisingly, through the X-gal based Y2H assay, the results showed that P1, P3, and P5 can interact with CML9 ([**Figure 1C**](#f1){ref-type="fig"}), which suggests the shared P5 fragment (536--569 aa) is the critical domain of the C-terminal of MLO10. We concluded that the P5 domain on the C-terminal of MLO10, but not the canonical CaMBD, is responsible for specific interaction with CML9.

![Protein Interaction of CML9 and MLO10. **(A)** Yeast two-hybrid assay of calmodulins (CaMs)/CaM-like proteins (CMLs) and the C-terminal of MLO10 (MLO10-CT). The combination of pGBKT7-MLO10-CT and empty pGADT7 vectors was used as a negative control. SD/-Trp/-Leu represents synthetic dextrose minimal medium without tryptophan and leucine; SD/-Trp/-Leu/-His indicates synthetic dextrose minimal medium without tryptophan, leucine, and histidine. Growth of yeast on SD/-Trp/-Leu/-His plate indicates interaction between the two tested proteins. **(B)** Diagram representing various domains of the MLO10-CT (P1--P5), which were cloned and used as prey during yeast two-hybrid screening. **(C)** Yeast two-hybrid analysis of CaM1 with various fragments of MLO10-CT. **(D)** Bimolecular fluorescence complementation (BiFC) analysis between MLO10 and CML9 in *Arabidopsis* mesophyll protoplasts. Vectors encoding MLO10-nVenus, CML9-cCFP, and nVenus were co-expressed in various combinations in *Arabidopsis* protoplasts. Green fluorescence (GFP), red fluorescence (Chlorophyll), merged fluorescence of green and red (Merge), and bright field (BF) were detected, respectively. Scale bars, 10 μm.](fpls-11-01119-g001){#f1}

We further confirmed MLO10--CML9 interaction in BiFC (Bimolecular Fluorescence Complementation) assay. When co-expressing MLO10-nVenus and CML9-cCFP, green fluorescence signal was detected significantly in the plasma membrane of *Arabidopsis* protoplasts ([**Figure 1D**](#f1){ref-type="fig"}), which was obviously different compared to the controls like nVenus + cCFP, nVenus + CML9-cCFP and MLO10-nVenus + cCFP. It indicates that MLO10 recruits and physically interacts with CML9 in the plasma membrane ([**Figure 1D**](#f1){ref-type="fig"}). Taken together, we have identified the direct interaction of MLO10--CML9 in both Y2H and BiFC systems.

Subcellular Localization of CML9 and MLO10 {#s3_2}
------------------------------------------

To investigate the subcellular localization of CML9 and MLO10, we generated *35S:MLO10-GFP* and *35S:CML9-GFP* vectors which were individually introduced into *Arabidopsis* protoplasts. Only the GFP protein as control is localized in the nucleus, cytoplasm, and membrane ([**Figure 2**](#f2){ref-type="fig"}). We can observe the obvious signal of the fusion protein MLO10-GFP mainly in the cell membrane and very weak signal in some other membrane-attached parts ([**Figure 2**](#f2){ref-type="fig"}). However, the CML9-GFP expressed alone is mainly localized in the cytoplasm ([**Figure 2**](#f2){ref-type="fig"}). Therefore, combined with the observation of BiFC results above, we concluded that the protein interaction between membrane-localized MLO10 and cytoplasm-localized CML9 occurs in the plant cell ([**Figure 1D**](#f1){ref-type="fig"}).

![Subcellular localization of MLO10 and CML9 in *Arabidopsis* mesophyll protoplast. AtMLO10-GFP and AtCML9-GFP proteins were transiently expressed in protoplasts under the control of the cauliflower mosaic virus 35S promoter. Green fluorescence (GFP), red fluorescence (Chlorophyll), yellow fluorescence (merged fluorescence of green and red), and bright field (BF) were detected, respectively. Scale bars, 10 μm.](fpls-11-01119-g002){#f2}

*MLO10* and *CML9* Are Co-Expressed in Flowers Within a Spatio-Temporal Specific Manner {#s3_3}
---------------------------------------------------------------------------------------

In order to test the tissue specific expression pattern of *CML9* and *MLO10*, we fused *CML9* and *MLO10* promoters with *GUS* reporter gene respectively. The results showed that *CML9* is generally expressed in the root tips and leaf vasculature bundle, especially in the filament and anther of flowers ([**Figure 3A**](#f3){ref-type="fig"}). The reporter GUS signal driven by *CML9* promoter was stained not only in matured pollens released from the opening anther, but also highly in the germinated pollens and pollen tubes ([**Figures 3A-ii, -iv**](#f3){ref-type="fig"}). This observation demonstrated that *CML9* probably plays an important role in the pollen and pollen tube development during pollination.

![Tissue specific expression pattern of MLO10 and CML9. **(A)** GUS staining of *CML9pro::GUS* transgenic *Arabidopsis* lines in whole seedling (i), lateral root (ii), inflorescence (iii). and stigma (iv). **(B)** GUS staining of *MLO10pro::GU*S transgenic *Arabidopsis* lines in whole seedling (i), inflorescence (ii), pollen (iii), and pollen tube (iv). **(C)** Expression pattern of *MLO10pro::GUS* in flower development stages 9--16. Scale bars, 500 μm.](fpls-11-01119-g003){#f3}

According to the GUS staining assay, *MLO10* staining signals were restricted to the root, leaf vasculature bundle, and stigma ([**Figure 3B**](#f3){ref-type="fig"}). When we further analyzed GUS signal in different developmental stages of flowers, the results suggest that *MLO10* expression gets to a peaking level at stage 11 and displays relatively low expression levels in other flower developmental stages ([**Figure 3C**](#f3){ref-type="fig"}). Flower developmental stages 13--14 are considered as the time-window of pollination recognition between matured pollen and stigma papilla, which is in line with the equal height of stamen and carpel \[[**Figure 1C**](#f1){ref-type="fig"} and ([@B2])\]. In addition, *MLO10* expression was also observed in siliques previously ([@B8]).

Taken together, the specific spatio-temporal expression pattern led us to hypothesize that *MLO10*, expressing slightly early before pollinaton, may get ready to interact with later expressed *CML9*.

Mutation of *CML9* Reduced the Rates of Pollen Germination and Pollen Tube Elongation {#s3_4}
-------------------------------------------------------------------------------------

Next, we investigated the physiological function of the MLO10--CML9 protein-protein interaction on affecting reproductive development. Because *CML9* was highly expressed in the pollen and pollen tube ([**Figure 1B**](#f1){ref-type="fig"}), we firstly measured the germination rates of two *cml9* mutant alleles and Col-0 pollens. The results showed that after 4 h *in vitro* germination assay the rate of Col-0 was about 75%, but *cml9-1* and *cml9-2* mutants significantly reduced to 60% ([**Figures 4A, B**](#f4){ref-type="fig"}). Consistently, at 4 hap (hour after pollination), the pollen tube lengths in *cml9-1* and *cml9-2* were severely shorter than that in Col-0 ([**Figure 4C**](#f4){ref-type="fig"}). Collectively, the mutation of *CML9* affects the germination rate of pollens and elongation rate of pollen tubes. To further test whether it is also true *in planta*, we carried out the manual pollination through four combinations that take *cml9-1* and Col-0 as male-parent, *mlo10-1* and Col-0 as female-parent. In line with the observation *in vitro* germination, the pollen tube penetration rate of Col-0 ♀ × *cml9-1* ♂ was obliviously reduced by about 14% as compared with Col-0 ♀ × Col-0 ♂ ([**Figures 4D, E**](#f4){ref-type="fig"}). Interestingly, *mlo10-1* ♀ × *cml9-1* ♂ showed lowest pollen tube penetration rate among the four tested combinations ([**Figures 4D, E**](#f4){ref-type="fig"}), suggesting that both CML9 and MLO10 contribute to pollen tube elongation *in planta*, which is possibly mediated through MLO10--CML9 interacting module.

![Mutation of *CML9* affect pollen germination and pollen tube elongation. **(A)** *In vitro* test of pollen germination in wild-type and *cml9-1* (4hap). Scale bars, 100 μm. **(B)** Quantification of pollen germination rate of different genotypes from **(A)**. Data are shown as the mean ± s.e.m. *n* = 20. Two-tailed Students' *t*-test. **(C)** Quantification of pollen tube length of Col-0, *cml9-1*, and *cml9-2*. Data are shown as the mean ± s.e.m. *n* = 100. Two-tailed Students' *t*-test. **(D)** Manual pollination assay showed different pollen tube lengths in Col-0 ♀ × Col-0 ♂, Col-0 ♀ × *cml9-1* ♂, *mlo10-1* ♀ × Col-0 ♂, *mlo10-1* ♀ × *cml9-1* ♂ (4 hap). Yellow stars show top 5 of the furthest pollen tubes. Scale bars, 250 μm. **(E)**. Statistics of D. Data are shown as the mean ± s.e.m. *n* = 15. Two-tailed Students' *t*-test. \*p \< 0.05, \*\*p \< 0.01.](fpls-11-01119-g004){#f4}

Genetic Interaction of *MLO10* and *CML9* Affects Seed Setting Rate {#s3_5}
-------------------------------------------------------------------

We further asked whether the pollen tube elongation mediated by MLO10--CML9 may affect later developmental stages like silique development in *Arabidopsis*. The self-pollination siliques were checked among the materials of Col-0, *cml9-1*, *cml9-2*, *mlo10-1*, *mlo10-2*, and *cml9-1 mlo10-1*. Phenotypically, a few seeds were obviously defective in *cml9-1*, *cml9-2*, and *cml9-1 mlo10-1* ([**Figure 5A**](#f5){ref-type="fig"}). We found that seed setting rates in *cml9-1*, *cml9-2*, and *cml9-1 mlo10-1* were less by a reduction rate around 5% compared to Col-0 ([**Figures 5A, B**](#f5){ref-type="fig"}). Taken together, MLO10--CML9 module could affect the developmental process of seed setting.

![*cml9-1 mlo10-1* double mutant reduced seed setting. **(A)** Seed setting rates in Col-0, *cml9-1*, *cml9-2*, *mlo10-1, mlo10-2*, and *cml9-1 mlo10-1*. Scale bars, 1,500 μm. **(B)** Statistics of **(A)**. Data are shown as the mean ± s.e.m. *n* = 40. Two-tailed Students' *t*-test. p \< 0.05.](fpls-11-01119-g005){#f5}

Discussion {#s4}
==========

In this study, we identified a protein complex MLO10--CML9 which may be involved in pollen--stigma recognition and affect pollen tube elongation and seed setting. These two proteins display the maternal- and paternal-specific expression manner during pollination period. Their genetic interaction further demonstrates the function of MLO10--CML9 in plant reproduction physiology.

MLOs May Have General Function for Recognition {#s4_1}
----------------------------------------------

MLO family members have divergent biological functions which mediate many communications, such as the touching effect between roots and environmental materials ([@B9]; [@B7]), pathogen attack to leaves ([@B11]; [@B1]), recognition between pollen tube and synergid cells ([@B25]; [@B23]), as well as pollen--stigma communication in this study. In *brief*, we may consider MLOs as plant endogenous monitors to various environmental or internal stimuli. Therefore, mutation of MLOs may block or inhibit the recognition process in plant.

In Barley, mutation of *HvMLOs* inhibits the pathogen attack of powdery mildew by inducing local leaf neurosis ([@B11]). In *Arabidopsis mlo7* mutant, pollen tubes cannot be correctly guided to the embryo sac ([@B25]), indicating that this recognition may be mediated by the interaction of MLO7 and some unknown protein. Interestingly, in this study, we identified a new interacting module MLO10--CML9 which could be related to pollen--stigma recognition. Especially, genetic mutations of *MLO10* in stigma as well as *CML9* in pollen result in significant reduction of pollen germination and pollen tube elongation rates, suggesting MLO10--CML9 contributes to fertilization. Our future work will figure out the detailed molecular interactions of MLO10 and CML9 *in planta*, as well as the possibility of redundancy modules to MLO10-CML9.

Taken together, MLO members interacting with their partners may function in sensing environmental stimuli and cell--cell communications. The previous and our studies will provide a new insight to deeply understand the functions of MLO family.

Interaction of Calmodulins and MLOs Provide a New Module in Regulating Reproductive Physiology and Stress Response {#s4_2}
------------------------------------------------------------------------------------------------------------------

Calcium oscillations at pollen tube tips are important for maintaining its polarity growth ([@B21]; [@B36]; [@B18]; [@B45]). CNGC8/18 as calcium channels interact with CaM2 to form a complex to encode calcium oscillations at pollen tube tips ([@B35]). Mutation of *CaM2* leads to low rate of pollen germination ([@B29]), and *cml25* mutant was also reported to reduce rates of pollen germination *in vitro* and *in planta* ([@B43]). Those observations are compatible with our results in *cml9-1* and *cml9-2* mutants. Therefore, we conclude that CaM/CMLs may have an important and basic role in pollen--stigma recognition as well as polarity growth of pollen tubes. MLO10--CML9 complex may further create a new connection among the membrane protein, calcium sensor, and calcium oscillations.

Considering the stress responses, CML37 positively promotes ABA synthesis in response to drought stress ([@B43]), whereas CML42 negatively regulates plant defense by downregulation of JA response genes ([@B41]). CML9 acts as a positive player in response to bacterial effector triggered immunity (ETI) ([@B30]). A recent study identified that a protein complex CaM--CNGC2--CNGC4 mediated the early event of calcium-dependent ETI process ([@B40]).

In barley, calmodulin can interact with the C-terminal domain of MLO protein to regulate pathogen defense ([@B27]). Especially, extracellar calmodulin can bind to a plant cell membrane ([@B42]), suggesting that camodulin could function as a mobile signal across cells. In our study, we found CML9 interacts with MLO10 which is involved in fertilization and seed setting. Therefore, in future work it will be worth to investigate the direct connection between MLO10--CML9 complex mediated calcium and ROS signaling ([@B48]), which can further lead to deeply understanding the physiology of double fertilization.
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